Plasmids 175 J/m2 and 350 J/m2 were repaired with a mean frequency of 66% and 58%, respectively, in control workers compared to 71 % and 62% in exposed workers. Conversely, more of the exposed workers were grouped into the reduced repair category than controls. These differences in repair capacity between exposed and control workers were, however, not statistically significant. The lack of significant differences between the exposed and control groups may be due to extremely low exposure to benzene (< 0.3 ppm), small population size, or a lack of benzene genotoxicity at these concentrations. These results are consistent with a parallel hprt gene mutation assay. Environ Health Perspect 104(Suppl 3): 529-534 (1996) 
Introduction
In today's industrialized environment, These chemicals can produce damage to approximately 70,000 chemicals are in use DNA through adduct formation, alkyla- (1) . Five hundred new chemicals are intro-tion, and strand breaks, resulting in mutaduced commercially each year resulting in tions that are part of the multistep process a 37% increase in new chemicals over the of carcinogenesis (5, 6) . past 7 years (2, 3) . In the United States, 40 An individual's health risk from exposure possible carcinogens have been identified to environmental toxicants is controlled in drinking water and 60 possible carcino-by several host susceptibility factors (4, 7) . gens are being released into the air (4) . Individual variations in these susceptibility factors are based on inheritance of mutant genes and environmental influences. One such factor is based on individual variations in DNA repair capacity, which is most likely a primary determining element for long-term health problems. Patients with inherited DNA repair deficiencies, such as xeroderma pigmentosum (XP) and ataxia telangiectasia (AT), serve as model systems to document this phenomenon. XP individuals exhibit a reduced capacity to repair UV light-induced damage and are at a 2000-fold greater risk for the development of skin cancers (4, 8) . AT individuals show reduced ability to repair ionizing radiation-induced damage and have an increased risk for the development of lymphomas (9) . The role that environmental factors have on individual DNA repair capacity is not fully elucidated and has been the focus of recent investigations. Oesch and Klein (10) have demonstrated a reduction in 06-alkylguanine alkyltransferase activity in tire storage workers exposed to ambient nitroso compounds found in tire storage areas and in clinical workers preparing cancer chemotherapeutic agents. In another study, Oesch et al. (11) In the present study, the host cell reactivation (HCR) assay was selected to measure individual DNA repair capacity in benzene-exposed workers. Benzene is a common environmental pollutant found all over the world. The major sources of benzene exposure come from petroleum and petroleum products (22) . As early as 1928, benzene has been implicated as a leukemogen (23) . Current concern is whether exposure to reduced concentrations of benzene may still be hazardous to workers. Athas et al. (24) and Wei et al. (25, 26) 
Materials and Methods Selection of Study Population
All subjects and controls were selected from petrochemical workers from a local benzene manufacturing plant in Texas. Work sites were identified as high or low based on whether or not benzene was handled. Workers from these areas were recruited as exposed and matched nonexposed workers. The workers were asked to fill out questionnaires documenting tobacco use and radiation and chemical exposures during work activities. Workers who were nonsmokers and who had no exposure to other toxicants were selected. These selected workers were asked to sign consent forms, to wear exposure monitors, and to provide blood samples at the end of the work shift.
Lymphocyte Cultures
Whole blood from benzene-exposed and -nonexposed workers was collected by venous puncture for isolation of lymphocytes using Ficol histopaque. Lymphocytes were initiated in RPMI 1640 medium supplemented with 15% fetal bovine serum (Irvine Scientific, Santa Ana, CA), 1% L-glutamine, 1% penicillin/streptomycin, and 2% phytohemagglutinin and cultured in T-75 flasks at 370C and in 5% CO2.
Xeroderma and Gaulcher Celi Cultures
One Gaucher cell line (GMO-1031) and three XP cell lines (GMO-4237, GMO-2345 , and GMO-2246) were chosen for use as positive and negative controls to validate the activity of the HCR assay. GMO-2345 (-/-), a homozygous XP-A cell line, is highly DNA repair deficient; GMO-2246 (-I-) is also homozygous, but it is an XP-C cell line that is moderately DNA repair deficient. GMO-4237 (+/-) is a heterozygous XP-C cell line with relatively normal repair and the Gaucher GMO-1031 cell line is apparently normal ( XP SurvivalA ay XP cells were collected from cultures by centrifugation at 800 rpm for 10 min at 25°C (Beckman GS-6R; Beckman Instruments, Schaumberg, IL). The media supernatant was decanted and saved. The cells were washed twice with 0.25 M Tris-buffered saline (TBS), pH 7.4, and placed into I00 x 15mm petri dishes (2 x 106 cells/2 ml TBS). Aliquots of cells were irradiated with UV light at doses of 10, 25, 50, and 100 J/m2. The cells were then collected and cultured in T-75 flasks using the reserved media plus fresh media (RPMI 1640, 15% FBS, 1% L-glutamine) 1:1. After 48 hr the cells were once again collected by centrifugation, samples were taken, and total cell number was determined using a hemocytometer.
pCMVcat Plasmid
We used the pCMVcat plasmid (a gift from L. Grossman, Johns Hopkins University) derived from cytomegalovirus and containing an inserted CAT gene. The reporter gene produces a unique protein product not normally found in eukaryotic cells. pCMVcat plasmid was isolated from Escherichia coli HB101 bacteria using alkaline Triton X-100 lysis and purified by CsCl density gradient centrifugation. This produces pCMVcat plasmid that is greater than 90% pure. Aliquots of purified plasmid were irradiated with 175, 350, and 700 J/m2 UV254nm to induce thymine dimers that inactivated the CAT gene (22 Control cell extracts from XP and Gaucher cell lines were removed from a freezer (-700C) and placed in a 65°C water bath for 10 min. The samples were centrifuged for 10 min at 16,000 xg; 50 Xil of cleared cell extract was placed into Eppendorf tubes and 25 pl of reaction mixture was added. The reaction was carried out for 8 hr in a 370 C water bath. The reaction was stopped by the addition of 210 pl ice-cold ethyl acetate saturated with water. The tubes were vortexed slightly and then centrifuged (16, the DNA repair capacities found in these cell lines. DNA repair capacity correlated well according to their complementation groups and genotype. The apparent normal Gaucher cell line (GM0-1031) was able to repair 90% of the damaged induced by 350 J/m2 UV light and 45% of the damage induced by 700 J/m2. The heterozygous XP cell line GMO-4237 repaired 60% (± 17.6 SE) and 25% (± 3.1 SE) of the damage, respectively. The XP cell line GMO-2246 repaired the identical damage at even lower levels (350 J/m2-38% ± 2.8 SE; 700 J/m2 -22% ±4.2 SE) while GMO-2345 repaired the damage at the lowest levels (350 J/m2 -8% ± 1.5 SE; 700 J/m2 -2% ± 1.3 SE).
The benzene study population is described in Table 2 . Both exposed and control groups were adequately matched. The exposed population consisted of 12 males (86%) and 2 females (14%) and the control group consisted of 8 males (89%) and 1 female (11%). We were unable to recruit additional females to increase the sample size. To prevent confounding by sexual differences, the females were removed from our data for further analysis. All remaining exposed and control subjects were male nonsmokers having a mean age of 46.3 years (± 6.5 years) and 49.5 years (± 10.6 years) respectively. The benzene exposure doses for even the exposed workers were below the detection limit of the personal monitors (< 0.3 ppm).
Cells from both exposed and control populations were unable to repair 100% of the dimers on the plasmids. To analyze this, all data from both the exposed and control populations were pooled (n = 20). The mean level of repair in the pooled data for plasmid 350 J/m2 was 60.26% (CI, 6.2) and for plasmid 175 J/m2 was 68.79% (CI, 4.8). We determined a cutoff point for reduced repair to be the mean of repair for the plasmid less its confidence interval. Consequently, the cutoff for plasmid 350 J/m2 was 54% and for plasmid 175 J/m2 was 64%. Using these criteria, the pooled data were then ranked as normal repair (above the cutoff) or reduced repair (below the cutoff) (see Figure 3 ). Those individuals with reduced repair were significantly To test our hypothesis on the influence of chemical toxicants on DNA repair capacity, we recruited a group of benzeneexposed workers and controls. We were able to identify individuals from both exposed and control populations exhibiting a reduced capacity to repair DNA damage (Figure 4 ). These results are not unexpected because we anticipated a normal distribution of DNA repair capacity in the general population, but the importance of being able to identify these individuals should be emphasized because we feel that this subset of the general population is at increased health risk due to a reduced ability to repair DNA damage when exposed to chemical toxicants. The mean repair capacity between exposed and control populations was not significantly different. Both populations demonstrated large individual variations in repair capacity; this may explain why no significance could be found. In the study by Oesch et al. (11) , significant individual variation in the repair of ethenoadenine lesions was also observed. Because of this individual variation, the population size must be increased to find possible significant differences in repair capacity. Additionally, use of this study will enable a better estimation of what is required for future studies. It is also possible that, at this benzene concentration, this chemical may only be minimally genotoxic as shown in the reduced DNA repair capacity observed in some exposed workers.
In a parallel study, no increase in the mutation frequency of the hprt gene in the exposed workers compared to the control worker population was documented (JB Ward, personal communication). This is consistent with our observations.
We have demonstrated the application of the HCR assay as a tool to monitor workers for DNA repair deficiencies for the first time. Our data suggest that exposure to <0.3 ppm benzene may only be minimally genotoxic. In addition, significant interindividual variations were demonstrated by this exceptionally sensitive assay, suggesting that other factors such as polymorphism for metabolism of chemicals may also play a role. Studies using large sample sizes and workers exposed to other toxicants are ongoing to validate and extend our observations.
